(C) Whole-year Velocity Standards:
Chronological Age-based and Individual Type We now consider how to construct velocity standards, to answer our second question 'Has this child's rate of growth been within normal limits ?' We are again confronted with the alternatives of plotting against chronological or developmental age at adolescence and we have adopted the same solution as before. First we give, in the conventional manner, centiles plotted against chronological age, over the whole age span. These are calculated simply from two measurements a year apart, without using further longitudinal data. They depend on a two-occasion longitudinal study, nothing further. At adolescence these standards are greatly scattered by the phase-difference effect. If we know nothing about a boy except that he is 12 years old and grew 3 cm. during the last year, we must plot 3 cm. at 11 * 5 years and interpret this according to the chronological age centiles. If, however, we know that he is midpubescent, or that his skeletal age is 14 * 0 years, then in theory we could make a more effective interpretation if we had the appropriate standards.
We have to remember, however, that in one important respect velocity standards differ from distance ones. In velocity standards a child does not have the same strong tendency to stay in the same centile position from one age to another; there is always a contrary tendency to a move from the outer centile positions towards a more central position in the subsequent year. Though a child can follow the 60th or even 70th centile of velocity from the pre-school years till maturity and end up a large but normal adult, a child who follows the 97th centile for very long would become pathologically enormous. Another way of saying the same thing is to note that while in general the correlations of height at age 5, say, with height at the subsequent age, i.e. 6, is of the order of 0 9, the correlation of height gain from 5 to 6 with gain from 6 to 7 is only around 0 * 3. This is not to say that patterns of continuously increasing or decreasing velocities do not occur, particularly in pathological cases; but velocity plots must be regarded in a more episodic way than plots of distance.
Chronological age velocity standards of wholeyear velocity. To obtain the conventional centiles we began by plotting the yearly increments of height and weight of the Child Study Centre series and the sixmonthly increments of the Harpenden Growth Study on probability paper to see whether or not the increments were Normally distributed. Up to adolescence all the height increments were closely fitted by straight lines, but during adolescence considerable curvature occurred, indicating the presence of fairly complex deviations from Normality in the distributions, as indeed would be expected, particularly at ages when some children have actually stopped growing.
The standard deviations of the height increments of these two sets of data from birth to age 8 are plotted on the left hand side of Fig. 16 . The lower line represents the smoothed curve of the whole-year SDs from the Child Study Centre, together with similar values from Heierli (1960) , which are consistently a little lower, and from Deming and Washburn (1963) . The sexes are averaged in all instances. The upper line gives the smoothed curve of six-monthly SDs from the Harpenden Growth Study, with earlier points from the Child Study Centre, Heierli, and Deming data. The six-monthly increments have a consistently higher variability than the yearly increments (when both are converted to cm./yr.). This is so even in the same children. It occurs because the season of the year exerts a considerable effect on the growth of some, though not all, children; in the extreme case a child may grow in height during the spring at one and a half times its rate of growth during the autumn (Tanner, 1962a Right: Smoothed standard deviations of one-year increments computed in years-from-peak-height-velocity as age base, with SD of boys plotted against chronological (note the one aberrant point) and skeletal age. (See text.) plot their three-monthly velocities; but the total yearly velocity is also computed and plotted, and it is this that as a rule governs further therapeutic or scientific decisions (for an example of plotting, see below). The six-monthly SDs are about 30%0
higher than the whole-year SDs. Thus as a rough guide for interpreting six-monthly increments on the whole-year chart we can say that a six-month centile line is nearly coincident with the next furthest-out centile line on the whole-year chart. Thus a child at the 97th centile over a six-month period is only a little more unusual than a child at the 90th centile over the whole-year period, and his status should be interpreted correspondingly. scanty to allow an estimate of the magnitude of the difference. The SDs of increments over a two-or three-year period are lower than the SD over 1 year. Presumably this is because children growing faster at the beginning of such a period decelerate harder than children growing more slowly. Thus the fast beginners end the period relatively slower while the slow beginners end relatively faster. The upshot is that our one-year SDs and centiles cannot be used quantitatively in respect of increments calculated over more than one year any more than they can for increments calculated over less than one year.
For the chronological-age type standards, then, the SDs of the yearly increments from birth till adolescence were calculated and smoothed, and the centiles computed from them. During adolescence the centiles were obtained by smoothing the actual centiles observed in the two sets of admittedly scanty data available to us (covering about 100 children of each sex up to peak velocity and progressively less thereafter).
These centiles are listed in Appendix use of skeletal age as the time base we would be able to eliminate most of this phase-difference effect, and thus provide more powerful standards. Surprisingly, however, it turned out that skeletal age was not linked closely enough to peak height velocity age to reduce the phase difference very greatly. Some reduction is certainly made; it is illustrated for boys in the right-hand section of Fig. 16 . The broken line shows the increase in standard deviation of height velocity at adolescence (note the one aberrant point, through which the line has not been drawn); the next line below, dotted, shows the SD when plotted against skeletal age, and the continuous line far below represents the estimated SD on peak height velocity age, when phase differences have been eliminated. Looked at another way, we may note that the SD of chronological age at the moment of peak height velocity is 0 86 yr. in boys and 0-87 yr. in girls, and the SD of skeletal age at the same point is 0 50 yr. and 0 62 yr. But we need a standard deviation of zero, and skeletal age leaves us far from that. Accordingly, instead of plotting, as we had hoped, skeletal age centiles superimposed on the chronological age centiles in Fig. 17 and 18, we have put in the rather impractical, but theoretically very important, channels based on peak height velocity age. As in the case of distance, these are plotted as shaded bands, with a dashed 50th centile typicalindividual curve in the centre of the middle band. This typical-individual curve represents the velocity taken at each successive year by an individual who has his peak at the average age and an average velocity throughout adolescence. Such an individ-ual will not travel up the 50th centile of the conventional (single-increment) velocity standards, just as he did not travel up the 50th centile of the conventional distance standards. But here the resemblance to the two distance standards ends; for we have to remember that a child does not usually travel throughout adolescence along one of the outer centiles even of the individual velocity plots. Some children may do so; a boy who remained at the 90th shaded centile from age 12 to 17 would gain a total of 24 cm. compared with the 20 cm. gained by the 50th centile boy. This is not a big difference; but it probably represents a bias, as there is little evidence that a boy whose peak velocity is at the 90th centile actually has a velocity curve which is wider than the boy whose PHV is at the 50th centile, as the charts may seem to indicate. With this proviso, however, the shaded curves do represent the shape of the individual child's growth spurt at adolescence much better than the singleincrement line centiles.
Besides being able to judge whether the magnitude of a child's peak velocity is within normal limits we need to know whether the age at which it occurs is normal too. The standard deviation of the age of peak height velocity is about 0 9 yr. Thus we may take the individual 50th peak height velocity point, and imagine two age limits for its occurrence, one 1 *8 yr. earlier nd the other 1 * 8 yr. later. Since, however, early maturers have on average a higher PHV than late maturers, this 'early50th' point will be raised some 1 * 4 cm./yr. above the 'middling-50th' point and the 'late-50th' point will be lower by the same amount. These two points represent the same probability of occurrence of a peak height velocity as the 97th and 3rd magnitude points at average age. Other similar points could be found and an ellipse constructed, which would define the limits within which the normal PHV would lie. However, this would be unduly cumbersome and we can instead find a simpler, and approximately equivalent guide in the 97th centile of the single-increment lines. This was constructed so that 97 out of 100 peaks fell below it, irrespective of whether they were occurring early or late.
Thus we can use the 97th single-increment line as the outer normal limit for peak height velocity points, whether they are early or late. Similarly we can use the 3rd single-increment line as the lower limit. In other words, nearly all normal individuals' velocity curves have the shape of the repeatedincrement shaded curves, and are wholly contained within the shell defined by the single-increment 3rd and 97th percentile lines. The same principle applies to weight velocity.
The peak height velocity-centred curves, as we may call the shaded ones, were calculated from the smoothed standard deviations observed in the Harpenden Growth Study data when these were lined up on a peak height velocity age basis, so that the SDs for PHV-3 years, PHV-2 years, etc. were computed. The distribution of height velocity at these 'ages', i.e. when the phase difference was removed, became indistinguishable from Normal. The values are given in Appendix Table IX, and the smoothed SDs plotted in the right-hand panel of Fig. 16 .
The 50th centile of this system of curves relates to increments taken over a whole year and so is slightly different from the individual-type 50th centiles given in Fig. 8 and 9 (p. 466) , which represented the instantaneous velocity. The instantaneous velocity median can only be used for a standard when a curve has been fitted to the height-attained values of a child and then differentiated to give an estimate of the true instantaneous velocity of the child. The difference between whole-year increments and instantaneous velocity is only quantitatively important when the curves show a sharp peak or trough, i.e. at peak adolescent velocity. We have calculated graphically for each boy and girl the average increment over the whole year containing, at its centre, the peak velocity. Naturally this 'peak' whole-year increment is less than the instantaneous peak velocity, the boys' average being 9*5 cm./yr. (compared with 10*3 for instantaneous peak velocity) and the girls' 8-4 cm./yr. (compared with 9-0 instantaneous). The SDs are, respectively, 1 1 cm./yr. and 0 * 9 cm./yr. (compared with 1 * 5 and 1 0 for instantaneous). We have thus flattened out the very steeply rising curves.
A small further modification should perhaps also have been made. The curves we have now produced relate to children whose peak height velocity falls exactly at the mid-point of their interval between measurements. This follows from the way in which we modified the instantaneous curves to obtain whole-year ones. But a child's peak height velocity might actually occur the day after his measuring day and hence six months away from the central point. In practice we must deal with wholeyear velocities calculated on this basis, in which peaks occur any time within the year. This lowers again the average peak height velocity, though not very greatly. In the case of boys the peak height velocity calculated from the actually observed whole-year increments in the Harpenden Growth Study data comes to 9 0 cm./yr. (compared to 9 5 for whole-year centred) and for girls 7 9 (compared to 8-4 for whole-year centred). This would bring our average peak velocities down to just about the level observed by others who have reported simply the maximum yearly increment without resorting to curve-fitting to find the instantaneous peak. Kiil (1941) , for example, in 135 Norwegian boys, found an average peak of 9 5 cm./yr. (at 14-3 years) and in 189 girls a peak of 7-6 cm./yr. (at 12 2 years). The Bayer and Bayley (1959) standards, based presumably on similarly computed whole-year-increments give peaks of 9 0 cm./yr. and 8-0 cm./yr. for boys and girls maturing at an average age. In our standards, however, we have let the whole-year centred velocities stand. When skeletal age is used as a time base, the child's increment from one occasion to another should be worked out in terms of the actual time elapsed between the two occasions, that is from the chronological age change. Skeletal ages are subject to too much unreliability to be usually suitable for calculating an increment in terms of cm./yr. But the increment, when calculated, should be plotted at the mid-point of the two skeletal ages, one corresponding to the beginning of the increment period, the other to the end of it. In special circumstances menarcheal age could be used instead of skeletal age.
If the average age of menarche is taken as 13-0, a girl whose menarche occurred at 12-0 has her 14-0-618 BOYS. Weight velocity standards. The weight increments did not fall in a straight line when plotted on probability paper. Weight increments, like weights themselves, are somewhat skewed. Curved lines were, therefore, fitted by eye to the distributions at each age, the curves making a regular progression in shape from one age to the next. From these the centile points at each age from birth to adolescence were read off, and these are the figures used in the standards, after final smoothing. Boys and girls had to be treated separately as significant differences were clearly present. The chronological age standards are given in Fig. 19 and 20 and Appendix Table VIII. For the peak weight velocity-centred curves whole-year peak increments had again to be calculated, and these were 9s 1 kg./yr. for boys and 8-3 kg./yr. for girls, compared with instantaneous peak weight velocities of 9 * 8 kg./yr. and 8 * 8 kg./yr. These curves are shown shaded in Fig. 19 ..
group.bmj.com on June 3, 2011 -Published by adc.bmj.com Downloaded from age (or, less well, menarcheal age). The standard deviation of this difference during adolescence is approximately 1 * 0 years. Thus a deviation of greater than 2 years either way may be regarded as beyond the usual normal limits. At ages before adolescence the standard deviation of the difference is less, but the degree of advancement then is better read directly from the centile charts for skeletal maturity (Tanner et al., 1962) .
In the individual-type distance chart, degree of advancement can to some extent be appreciated if the child has been followed for some time. The curve of an early-maturing boy at adolescence rises approximately parallel with the median line, but at an earlier age. The distance apart of the two lines at their steepest points therefore gives an indication of the degree of advancement when peak velocity is reached.
(D) Clinical Use of the Standards Two examples of the use of the standards follow: one concerns a healthy boy followed from age 3 to 16; the other illustrates a clinical case in which the effect of treatment is by no means obvious when looked for in the distance plots only.
The course of the healthy boy's growth in height is plotted in Fig. 21 , the distance curve on the left, the velocity curve on the right. We routinely plot height against skeletal age as well as chronological age; in this way we can assess the degree of smallness and retardation separately, at least to some extent. Thus the stars represent in the left-hand chart the height at each skeletal age, and in the right-hand chart the height velocity over a period between two skeletal age points. In the left-hand chart the round dots represent the height plotted against chronological age every six months, and the stars represent the height plotted against skeletal age at yearly intervals. The The height of the healthy boy ( Fig. 21 ) lies mostly at about the 25th centile, but his first three points are distinctly below this. On entry to the children's home at age 3 he had a history of neglect and undernourishment, and it is probable that at that time he was retarded in his growth. The first few points probably represent a catch-up towards his normal curve.
At adolescence he follows the individual-type curve as expected, but then as adolescence finishes he drops back to about the 10th centile. His skeletal age, though initially retarded, soon becomes about a year in advance, and maintains this pattern throughout the rest of his growth. Thus his final height, while seeming to be smaller than expected from his chronological age plot, is just what would be predicted from his skeletal age plot, where he is mostly at or a little below the 10th centile.
In the velocity graph (Fig. 21, right) , the average yearly velocity is plotted, with the dot at the centre of the year concerned, i.e. the velocity from 3 0 to 4 -0 is plotted at 3 * 5 years. The stars represent the same rates of growth, but plotted at the midinterval between the two skeletal ages, that is, in this example, between the skeletal age at chronological 3 *0, and the skeletal age at chronological 4* 0. This boy's velocity of height growth during the first year after admission to the home was above the 97th centile; during the second year it dropped to the 90th centile, and thereafter remained mostly between the 40th and 80th centiles. At adolescence the curve follows the individual-type shaded curve but with a peak about half a year earlier than average. Correspondingly, the growth rate has fallen to the 5th centile by age 15-16 and will clearly soon reach zero. When plotted in skeletal age terms (the stars and dotted line) the same centile positions hold before adolescence, but the peak comes later, about six months after the average time of peaking. Thus in chronological age terms this boy has an adolescent height spurt six months earlier than the average boy, but in relation to his skeletal development the peak is a little later than average.
The second example concerns a dwarfed child believed to be suffering from defective secretion of growth hormone. The distance plots, on the left-hand side of Fig. 22 In this child, however, it is not at all clear from the distance chart alone whether administration of the hormone had any significant effect. In the velocity curve (Fig. 22, right) velocity which is accorded the chief importance and on which we normally make decisions as to treatment.
A purely illustrational difficulty arises when a treatment is started or stopped, or when other radical change in circumstances occurs. Prof. Andrea Prader has pointed out to us that if the yearly velocity mid-points are simply connected one with another (as in normal individuals' plots) it may look as though the response to treatment began in the middle of the period preceding treatment. In these circumstances, therefore, we do not join up the mid-points, but continue a line along the top of the pre-treatment average until we come to the treatment period. We then go up (or down) with a dashed line vertically to the top of the first treatment velocity, and then along horizontally till we get to the first treatment velocity mid-point (see Fig. 22 , right). This system has the double advantage of accentuating visually the time of the beginning of treatment, and approaching more closely to the true velocity situation; for in Fig. 22 the velocity directly after treatment was probably greater than represented, and not less, as would appear if we joined up the two velocity mid-points. We have thus changed our method of plotting from that of a previous paper (Prader et al., 1963 In the same chart a new type of standard is also given, which is more appropriate for judging whether a whole segment of the child's growth curve has been normal. Conventional charts give an erroneous impression of the course of growth at adolescence if used to follow a single child longitudinally, as in clinical work. This is due to the 'phase-difference' effect which is discussed and illustrated. In conventional charts a late-maturing child, for example, departs at adolescence from the height centile he has previously been following, reaches a lower centile, and later regains his original centile. In the new 'individual-type' charts this effect is obviated.
Centile standards for the velocity of growth in height and weight from birth to maturity are presented. They relate to increments calculated over the period of a whole year, since over shorter periods the variability of growth rate is higher due to seasonal alterations. In addition to these standards, at adolescence the velocity equivalent of the new type of height-attained standard is given. This shows the curve of velocity where phase differences are eliminated. The use of skeletal age as an alternative time base to chronological age over this period is discussed.
To obtain the curves for the new 'individual-type' standards it is necessary to use longitudinal records extending over adolescence. The records of the Harpenden Growth Study were used for this purpose. In 49 boys and 41 girls measured every three months throughout adolescence, curves were fitted graphically to height and weight measurements and velocities thus derived. The average 'instanttaneous' peak height velocity was 10 3 ± 0-22 cm./ yr. in boys and 9 0 ± 0-16 cm./yr. in girls. There was a correlation of -0 47 and -0 40 in boys and girls between peak height velocity and the age at which it was reached. No such correlation existed for peak weight velocity. The peak weight velocity was 9 -8 ± 0 30 kg./yr. for boys and88 ± iO *25 kg./ yr. for girls. The correlations between peak height velocity and peak weight velocity were only 0-29 and 0-18 in boys and girls, but the correlations between age at reaching peak height velocity and at reaching peak weight velocity were 0 * 93 and 0 * 80.
Curves of distance and velocity for the typical or 50th centile boy and girl are contrasted. In both height and weight boys are growing faster than girls at birth, but are also decelerating more, so that by 7 or 8 months they are growing more slowly than girls.
Examples are given of the clinical use of the new standards, in a healthy child followed from 3 to 16, and in a dwarf treated with human growth hormone. Height and weight are routinely plotted against both chronological and skeletal age. 10-0 10-8 11-7 12-6 13-5 14-3 20 7 2-00 9 7 10-4 11*3 12-2 13-2 14-1 14-9 21 6 2 25 10-0 10-8 11-7 12-7 13 7 14-6 15- group.bmj.com on June 3, 2011 -Published by adc.bmj.com Downloaded from
